A more complete understanding of reactive chemistry generated by atmospheric pressure plasma jets (APPJs) is critical to many emerging medical, agricultural, and water treatment applications. Adding molecular gases to the noble working gas which flows through the jet is a common method to tailor the resulting production of reactive oxygen and nitrogen species (RONS). In this paper, results are discussed from a computational investigation of the consequences of H 2 O and O 2 admixtures on the reactive chemistry of He APPJs flowing into humid air. This investigation, performed with a 2-dimensional plasma hydrodynamics model, addresses the RONS that are initially produced and the evolution of that chemistry on longer time scales. Without an admixture, the impurities in 99.999% pure helium are a major source of RONS. The addition of H 2 O decreases the production of reactive nitrogen species (RNS) and increases the production of reactive oxygen species (ROS). The addition of O 2 significantly decreases the production of RNS, as well as hydrogen-containing ROS, but increases the production of ROS without hydrogen. This selectivity comes from the lower ionization energy of O 2 compared to N 2 and H 2 O, which then allows for charge exchange reactions. These charge exchange reactions change the RONS which are produced in the afterglow by dissociative recombination. The consequences of impurities were also examined. Humid air impurities as low as 10 ppm in the helium can account for 79%-98% of the production of most RONS in the absence of an intentional admixture. The degree to which the impurities affect the RONS production depends on the electrode configuration and can be reduced by molecular admixtures. Published by AIP Publishing. https://doi
I. INTRODUCTION
The reactive chemistry produced in low temperature, atmospheric pressure plasmas has proven beneficial in the fields of plasma medicine, sterilization, and the food supply chain.
1-4 These plasma sources have been shown in some cases to improve wound healing and to selectively kill cancer cells. [5] [6] [7] Under the proper conditions, plasma treated seeds grow faster, and plasmas can deactivate fungi on produce and dairy. 4, 8 Most of these biological effects are attributed to the production of reactive oxygen and nitrogen species (RONS) which result from dissociation of admixtures or impurities in the initial gas flow or by reaction with the ambient. 9, 10 Controlling the fluxes to surfaces of this reactive chemistry is critical to obtaining the desired result in each application. Atmospheric pressure plasma jets (APPJs), which utilize a flowing gas, are a common plasma source for these applications. APPJs generally consist of a dielectric tube through which a rare gas flows with a high voltage electrode (or electrodes) in or wrapped around the tube. APPJs allow more flexibility and control of the plasma chemistry by controlling the gas composition, compared to devices such as dielectric barrier discharges which typically operate in ambient air. These plasma jets, though they appear continuous, actually operate as a series of pulsed ionization waves, which begin inside the tube and propagate into the plume which mixes with ambient air. 11 Even a small mole fraction of a molecular gas in a rare gas plasma can significantly affect the electron energy distribution (EED) by introducing inelastic processes with lower threshold energies. For example, the excitation of vibrational and rotational molecular states generally have thresholds on the order of 0.01-0.1 eV. This means that molecular admixtures or impurities, even in small amounts, can change the discharge dynamics, including the electron density and the amount of energy that is coupled into the discharge during a voltage pulse. H 2 O and O 2 are typical admixtures added to APPJ feed-gases with the goal of increasing the generation of particular reactive oxygen species (ROS). Due to the nonlinear coupling between the impurities, EEDs, flow dynamics, and mixing with the ambient, the reactive chemistry resulting from the admixtures is not always a straightforward function of concentration.
Several experiments have provided insights into the consequences of admixtures on aspects of the plasma-produced chemistry. In a helium atmospheric pressure glow discharge, Bruggeman et al. observed that impurities at concentrations as low as hundreds of ppm dominate the ion chemistry. 12 Increasing the H 2 O concentration in the He decreases the positive ion density and increases the negative ion density, particularly OH − (H 2 O) n . In laser induce fluorescence (LIF) measurements in an Ar jet, OH densities 1 mm from the jet a) lietz@umich.edu b) Author to whom correspondence should be addressed. mjkush@umich.edu outlet were found to be maximum at 0.5% H 2 O. 13 In a radio frequency (RF) helium APPJ, two photon absorption laserinduced-fluorescence (TALIF) measurements by Knake et al. indicated that the O atom density at the jet outlet is a maximum for 0.6% O 2 at constant RF power. 14 Gas composition in APPJs has been the subject of several modeling studies. Naidis investigated the effects of an air admixture and the humidity of the air in a He APPJ. 15 Increasing the air admixture from 1% to 3% [while increasing the voltage to keep the ionization wave (IW) velocity constant] significantly increased production of O 3 and NO. Increasing the humidity of the air admixture increased the production of OH, decreased the production of O and O 3 , and did not significantly affect NO. Park et al. used a global model to study admixtures of O 2 in He and Ar atmospheric pressure glow discharges. 16 At 1% O 2 , most of the electron energy losses were by collisions with O 2 . At constant power, adding O 2 decreased the electron density (n e ), and increased the production of O and O 3 , with the effects being most dramatic in the first 1% of O 2 added. Schröter et al. used a global model to study a humid He radio-frequency APPJ, showing a decrease in the electron density and an increase in nearly all reactive oxygen species with an increase in the H 2 O admixture. 17 Admixtures have also been shown to change the biological outcomes in applications of APPJs. In experiments by Joh et al., an O 2 admixture in a helium APPJ increased plasma-induced apoptosis in cancer cells. 18 Humidified He and humidified He/O 2 have been less effective than dry He/O 2 at inducing apoptosis. 6 Lin et al. have shown that an O 2 admixture of 0.02% in an Ar plasma jet is most effective for deactivating bacterial endospores. 1 In this paper, we report on a 2-dimensional computational investigation of the effects of O 2 and H 2 O admixtures in He APPJs having as delivered impurities on IW propagation and the initial production of RONS. The amounts of RONS that flow out of the computational domain are compared as a measure of the maximum reactivity available for surface processing. These products are generated after allowing several ms for initially produced radicals to react with each other and the admixture, mix with the surrounding air, and flow downstream. The energy normalized RONS production was also compared to distinguish the role of the changes in energy coupled to the plasma as the admixture is varied from changes in the gas composition. The model is described in Sec. II. The discussion of results in Sec. III includes a brief overview of the base case in Part A, the consequences of H 2 O admixtures in Part B and O 2 admixtures in Part C, and the role of impurities in Part D. Concluding remarks are in Sec. IV.
II. DESCRIPTION OF THE MODEL
The model used in this investigation, nonPDPSIM, is a 2-dimensional plasma hydrodynamics simulation that is described in detail by Norberg et al. 19 nonPDPSIM solves Poisson's equation on an unstructured mesh and contains modules for neutral chemistry, fluid mechanics, and radiation transport. The model uses time slicing algorithms which enable Poisson's equation and charged species transport to be solved with a time scale of several picoseconds during the voltage pulse, while the fluid dynamics are updated on nanosecond time scales. Electron impact rate coefficients are obtained from solutions of Boltzmann's equation for electron energy distributions using a two-term spherical harmonic approximation. The reaction mechanism contains 51 species addressing helium and humid air − 16 charged species, 35 neutral species. The mechanism contains 753 reactions, including 175 electron impact reactions. The reaction mechanism is discussed by Norberg et al. and therefore will only be summarized here. 19, 20 In the presence of water vapor, more and larger water cluster ions would actually form; however, these have not been included due to the additional computational cost. These water-cluster ions may have some effect on the recombination rates, but the neutral RONS produced as a result of recombination and ion-ion neutralization reactions are typically unaffected by the surrounding water molecules. 21 The electronically excited states associated with humid air are N 2 * [a lumped state including N 2 The geometry and flow conditions of the APPJ of this study are shown in Fig. 1(a) . The APPJ is a dielectric tube (relative permittivity, ε r = 4) with an inner diameter of 1 mm and an outer diameter of 1.5 mm. A powered ring electrode 1 mm wide is located 8 mm from the end of the tube and is covered with a thin shielding dielectric. The entire computational domain, using cylindrical symmetry, is 2.95 cm by 6.44 cm. The electrical ground is at the pump face, located 1.55 cm from the end of the tube and at a radius of 1.4 cm.
The fluid module for neutral gas flow was initially run for 12 ms, which was sufficient for the fluid dynamics to reach a steady state, before the voltage pulse was applied. He containing impurities of O 2 /N 2 /H 2 O = 2.4/2.9/4.7 ppm flowed through the tube at 2 slm. This choice of impurities was based on specifications from Matheson Tri-gas Inc. and Linde Group Inc. for 99.999% pure He. In the cases of an admixture, the total mass flow rate remained at 2 slm, and only the composition of the gas changed. Humid air flowed into the domain through the annular area around the tube at 4 slm. This humid air flow represents the air entrainment by the helium which would occur in an open air environment and which is not captured in this limited computational domain. A pressure boundary condition of 1 atm was applied at the pump surface. The steady state axial fluid speed is shown in Fig. 1(b) .
The simplified radiation transport model included photoionization of N 2 , O 2 , and H 2 O by He 2 *, which is a lumped state of all He excimers. The plasma was initialized with a small cloud of electrons 1.4 mm in diameter at the height of the powered electrode having a peak density of 10 11 cm
. A −10 kV pulse with a 20 ns rise time was applied to the powered electrode. The applied voltage remained at −10 kV for 130 ns, followed by a 20 ns voltage fall time, bringing the total voltage-on period to 170 ns. Poisson's equation was solved for 30 ns after the voltage returned to 0 kV (200 ns total). After this time, the plasma was assumed to be charge neutral, Poisson's equation was no longer solved, and the electron temperature (T e ) was fixed at 0.025 eV. Transport and chemistry of charged and neutral species were addressed while enforcing charge neutrality for the remainder of the simulation (16 ms total) as the RONS flowed out of the computational domain at the pump. The times that are required for each fluid element to reach the pump surface are shown in Fig. 1(b) , which indicate that all of the RONS have exited the domain by the end of the simulation. Results will be discussed for a single voltage pulse for each condition, which limits the direct applicability of these results to repetition rates of hundreds of Hz to perhaps a few kHz. Significantly higher repetition rates would result in there being significant mixing between reactants produced on previous pulses with those produced during the current pulse. Computational diagnostics were used to characterize RONS production. The first is the inventory of species in the computational domain, which is the volume integral of densities. The second, more appropriate to gauge treatment of surfaces, is the number of atoms or molecules of a species flowing out of the computational domain at the pump face. This total fluence is the time integral of the fluxes at each point of the pump-face, which is then integrated over the area of the pump face. Diagnostics intended to measure the efficiency of production were also used. The specific inventory is the inventory divided by the energy deposition during the pulse. The specific total fluence is the total fluence divided by the energy deposition during the pulse.
III. RONS PRODUCTION FOR HE APPJS WITH ADMIXTURES AND IMPURITIES

A. Base case
An overview of the ionization wave dynamics of the jet appears in Fig. 2 . When the voltage is applied, the plasma propagates as an ionization wave (IW) beginning at the powered electrode. While propagating inside the tube, the IW intensity has a maximum at the surface of the tube, making the IW annular in shape. Upon exiting the tube, the IW follows the interface between the helium and humid air, where many of the RONS are generated. The behavior of the IW and RONS production in this APPJ with a single ring electrode was discussed in Ref. 22 , and the analysis will not be repeated here.
The inventories in the entire computational domain are shown as a function of time after the discharge pulse in Fig. 3 and demonstrate the conversion of the initially generated reactivity to more complex and stable species. At approximately 400 μs, the cloud of RONS first generated by the plasma comes into contact with the pump, and the species inventories decrease as these species exit the computational domain. Some RONS present before 1 μs are a direct result of electron impact processes by the IW. For example, N 2 * and N 2 (v) are a result of electron impact excitation of N 2 . O 2 − forms through three body electron attachment on O 2 , and O 2 * is generated by electron impact excitation of O 2 .
One feature of the inventories in Fig. 3 is that many of the dissociation products, such as O, N, N*, OH, and H, trace much of their production to the afterglow. The plasma-on period is 200 ns, after which the electron temperature was fixed to 0.025 eV, resulting in most inelastic electron impact processes having a negligible rate. However, the dissociation producing these species occurred between 1 and 10 μs. The production of these species is the result of a cascade of charge exchange and electron-ion recombination reactions that occur after the plasma pulse terminates, including To a lesser degree, some of the H recombines to form H 2 . OH reacts to form 5 × 10 9 molecules of H 2 O 2 , but this occurs slowly enough that much of the OH (3 × 10 10 molecules) flows out of the domain. NO primarily forms by N* + O 2 → NO + O*, a reaction which occurs when the N*, formed inside of the tube, flows out of the tube and contacts air. NO 2 production primarily comes from NO + HO 2 → NO 2 + OH and NO + O + M → NO 2 + M. Some of these RONS react through several pathways to convert NO or NO 2 into HNO 2 , HNO 3 , and ONOOH. Only a fraction of the NO (with an inventory of 3 × 10 10 molecules) is converted to HNO x , which remains below 4 × 10 9 molecules. The times required for RONS to transit to the pump from each point in the computational domain are shown in Fig. 1(b) . These values were calculated by integrating v −1 , where v is the fluid velocity, along a streamline to the pump surface. Reactants produced on-axis near the powered electrode take 0.75 ms to reach the pump, while species produced at r = 250 μm near the powered electrode require 1.1 ms to reach the pump. Species produced in the shear layer just outside of the tube take 1.7 ms to reach the pump. Viscosity results in the peak velocity being on-axis, resulting in a longer transit time to the pump at larger radii. By 2 ms after the plasma pulse, most of the RONS have reached the pump surface.
The spatially integrated fluxes of plasma produced species integrated over the area of the pump surface as a function of time, normalized to each individual maximum flux, are shown in Fig. 4 . Had the initial reactive species been produced as a delta-function in space and time, and the gas flow had a uniform speed, the reactants would arrive as a delta-function at the pump face. The dashed line in Fig. 4 represents the theoretical flux of an inert species generated uniformly inside the tube. This theoretical flux was calculated by instantaneously adding a uniform density of an inert species inside the tube in the steady state flow field and simulating the advection and diffusion of this species as the plume flows toward the pump. The flux of this species rises sharply at 0.45 ms, when it first reaches the surface and decreases over the next 2 ms as the species which have diffused away from the axis continue to arrive at the surface. The time dependencies of the total fluxes result from several effects. Due to the spatial dynamics of the IW, reactivity is produced with a distribution of axial and radial locations. Even with a constant gas speed, reactants from these different FIG. 4 . The flux of plasma produced species at the pump as a function of time in the base case. The values are normalized to the maximum flux for each species. There is a delay following the voltage pulse before a significant flux arrives at the pump, which indicates the location of production based in Fig. 1(b) . The dashed line is the resultant flux from the simple case of an unreactive species generated uniformly within the tube. (a) ROS and (b) RNS.
locations would arrive at the pump face with a distribution of time delays. Due to viscous forces, the axial flow speed is also a function of position. Species produced at the edge of the plume will be entrained in the slower shroud flow of air and arrive at the pump face considerably later. O 2 *, O 2 **, and N 2 (v) were primarily produced outside of the tube closer to the pump and therefore reach the pump earlier and have an earlier increase in their fluxes. The fluxes of most species increase more rapidly earlier in time than the ideal case, because there is some production of these species outside of the tube closer to the pump. These rise times indicate that O 3 and HO 2 production is largely close to the axis and at greater heights, while species such as H 2 and H 2 O 2 trace their origins to larger radii deeper inside the tube.
B. Water admixture
Water vapor is typically added to the feedstock gas with the goal of increasing the production of hydrogen-containing species such as OH and H 2 O 2 . The admixture of H 2 O to the He flow discussed in this section is in addition to the impurities that are in the base case (O 2 /N 2 /H 2 O = 2.4/2.9/4.7 ppm). The helium mole fraction was reduced when having an admixture so that the total flow rate through the tube remained constant at 2 slm. The admixture values are referred to in percent number density (i.e., mole fraction). As the H 2 O admixture increased from 2.9 ppm to 0.7% (7000 ppm), the IW speed increased, exiting the tube 46 ns earlier compared to the base case. The electron impact ionization rate in the IW increased with increasing admixture from 3 × 10 19 to 7 × 10 20 cm
. The maximum electron density outside of the tube at t = 200 ns increased from 8 × 10 12 to 4 × 10 13 cm −3 . The total energy deposited in the plasma as a function of the H 2 O mole fraction is shown in Fig. 5(a) and increased from 14.7 μJ to 135 μJ as the H 2 O admixture increased from 2.4 ppm to 0.7%. With higher admixtures, T e was slightly lower in the IW front (5.7 vs. 5.2 eV), and T e thermalized more quickly after the IW passed. The more rapid electron thermalization is due to the more rapid electron energy losses provided by low threshold inelastic collisions with H 2 O, such as vibrational excitation.
Penning ionization increases with H 2 O admixture, resulting in higher electron density, higher conductivity, and higher energy deposition for a given voltage. Direct electron impact ionization of H 2 O also occurs, but this processes is not the primary source of electrons. In the base case, the rate coefficient for electron impact ionization of helium is about 3 orders of magnitude smaller than that of H 2 O. However, the density of He is 5 orders of magnitude larger, resulting in direct electron impact ionization of He dominating over that of H 2 O. Penning ionization of H 2 O by He excited states becomes the primary source of electrons for admixtures above 0.02%. At 0.5% H 2 O, the number of electrons generated by Penning ionization of H 2 O is approximately 10 times greater than those generated by electron impact ionization reactions. The plasma more rapidly recombined when containing higher mole fractions of H 2 O by recombination of electrons with H 3 O + (H 2 O). In the base case, the electron density decreased by an order of magnitude after about 12 μs. In the 0.7% H 2 O case, this decrease in electron density occurred in 1 μs.
The volume integrated number densities, the inventories, of various RONS are shown in Fig. 5 . These are the inventories 1 μs after the start of the voltage pulse, which largely reflect the initial RONS production. At this time, most of the initial ions have reacted or recombined; however, the fluid motion has not convected species produced in the tube into the ambient. Most of the initially produced RONS increased with H 2 O density, in part because the energy deposition, electron density, and IW propagation outside the tube increased with increasing H 2 O admixture. The exceptions to this behavior are N and N*, which decreased with H 2 O admixture, and N 2 *, H 2 , and O, whose inventories were maximum at 0.05% H 2 O. In the base case and at low admixtures, most of the N and N* was generated in the afterglow, between 200 ns and 3 μs by dissociative recombination, e + N 2 + → N + N*. This process resulted in N and N* inventories as high as 1 × 10 10 atoms at 1 μs. As the H 2 O admixture increased, N 2 + charge exchanged with H 2 O to produce H 2 O + , resulting in little production of N or N* in the afterglow. In this case, most of the N was produced by electron impact dissociation of N 2 during the voltage pulse. As the electron density and IW intensity increased with H 2 O admixture, N 2 * production by electron impact reactions initially increased its inventory up to 1.5 × 10 10 molecules. , this conversion occurs in hundreds of ms and so would not significantly affect the inventory at 1 μs. Wall recombination of H was the dominant source of H 2 at 1 μs, though several electron impact and recombination processes also generate H 2 . The importance of wall recombination reactions in humid He plasma chemistry was investigated by Schröter et al. 17 As the H 2 O admixture increased beyond 0.1%, the H was selectively generated outside of the tube by the more deeply penetrating IW, where it rapidly reacted with O 2 to form HO 2 .
The largest change in densities of species occurred in the first 0.1% of addition of H 2 O. OH, H, and H 2 O 2 inventories were the most sensitive, all increasing by nearly 2 orders of magnitude from the initial mixture to 0.1%. These species require water in their formation and particularly benefit from dissociative recombination of H 2 O + producing either the species themselves or their precursors. The inventories of these species were increased not only by the increased mole fraction of H 2 O, but also by the increased energy deposition and plasma densities.
The inventories of species 1 μs after the start of the voltage pulse divided by the energy deposition in the plasma, referred to as the specific inventories, are shown in Fig. 6 molecules/eV. As the first 0.05% of H 2 O was added, the energy efficiency of the production of all RONS, except N and N*, increased. Therefore, for the first 0.05% of H 2 O, the increase in most species was not solely due to the increase in energy deposition. As H 2 O is added, discharge power is preferentially channeled into H 2 O, thereby initially producing larger densities of H and OH leading to a greater specific inventory of H 2 , H 2 O 2 , and HO 2 . The IW also propagates more quickly as the admixture is increased to 0.05%, with a speed of 1.2 × 10 7 cm/s compared to 8 × 10 6 cm/s in the base case. As the IW exits the tube earlier in the pulse, the fraction of energy deposited outside the tube increases from 5.7% to 9.3%. The species which require the excitation of O 2 (O 2 * and O 2 **) and some species which are a result of dissociation or excitation of N 2 [N 2 *, NO, N 2 (v)] also have specific inventories which increased as H 2 O admixture was increased up to 0.05%. These species are dominantly produced outside of the tube at these time scales, especially at low admixture concentration.
As the H 2 O admixture increases from the base case to 0.05%, the dominant mechanism of O generation is e + H 2 O + → H + H + O inside the tube, and therefore, the specific inventory of O shows the same trends as that of H. At larger admixtures, hydronium production occurs more rapidly than electron ion recombination, and the trend of O specific inventory is more consistent with that of N 2 * producing O by dissociative excitation transfer to O 2 .
Increasing the H 2 O mole fraction above 0.1% increased the total energy deposition from 34 to 135 μJ, while resulting in diminishing incremental RONS production and decreasing specific inventory for nearly all species. The HO 2 , however, has a specific inventory which continues to increase slightly with the H 2 O admixture. This additional production of HO 2 results from the increase in IW speed, further penetration of the IW into the ambient, and increase in the H produced outside of the tube, where it is more quickly converted to HO 2 due to the higher local O 2 density.
The total number of atoms or molecules of each species that exit the computational domain are shown in Fig. 7 . These values, referred to as the total fluence, are the flux across the pump surface integrated in space and time. These fluences result from the initial reactive species shown in Fig. 5 (v) follow the same trends with admixture as their inventories at 1 μs, though their absolute densities change significantly between 1 μs and when they exit at the pump. Most of these species inventories decrease by a factor of 2-4 from their values at 1 μs while flowing to the pump as they undergo reactions or collisional quenching. The inventory of N 2 (v) decreases more significantly, by a factor of 10 4 , due to collisional quenching. The inventory of H 2 increases by 25% as H atoms recombine on longer time scales.
The fluences of reactive nitrogen species (RNS) all significantly decreased with increasing H 2 O admixture. The inventory of N* decreases with H 2 O admixture (shown in Fig. 5 ), while N* is the primary precursor to rapidly forming NO at room temperature. The total fluence of NO decreases from 2 × 10 10 to 1 × 10 9 molecules as the H 2 O admixture increases. NO formation is the first step required to form most of the other RNS-NO 2 , HNO 2 , HNO 3 , and ONOOH -and so their fluences also decrease.
The total fluences integrated at the pump divided by the total energy deposited in the plasma, referred to as the specific total fluences, as a function of H 2 O admixture are shown in Fig. 8 . The trends for specific total fluence as a function of H 2 O admixture generally reflect the specific inventories of their precursors (shown in Fig. 6 ). The specific total fluences of H 2 O 2 , HO 2 , and O 3 were within a factor of 5 of the specific inventories of their precursors at 1 μs and follow the same trends. OH, N, O 2 *, O 2 **, and N 2 (v) followed the same trends as at 1 μs, though the magnitudes are reduced due to reactions or collisional quenching. The H 2 specific total fluence follows the same trends as its specific inventory at 1 μs but is larger as H continues to recombine.
The species whose production requires the dissociation of N 2 (N, NO, NO 2 , and HNO x ) all had specific total fluences which decreased monotonically by 2 orders of magnitude with increasing H 2 O admixture. The specific total fluences of N and NO decreased from 3 × 10 −4 to 2 × 10 −6 molecules/ eV, while that of HNO 3 decreased from 2 × 10 −5 to 3 × 10 −7 . The specific RNS production decreased monotonically as the H 2 O fraction increased, in spite of the fraction of energy deposited outside of the tube having a maximum at 0.05% H 2 O. Even when the IW propagation (and energy deposition) outside of the tube increases, production of N* inside the tube is still the main source of RNS production.
As the H 2 O admixture is increased from 0.1% to 0.7%, the energy deposition in the plasma increases from 34 to 135 μJ; however, the production of most RONS changes little. Although the energy deposited outside the tube nearly doubles, the fraction of energy deposited outside the tube decreases from 8.7% to 4.1%. With larger admixtures of , and the electron density increased by a factor of 11 with increasing O 2 admixture, indicating a more intense IW.
With adding O 2 to the He flow, the electron lifetime decreased even more rapidly than for H 2 . The total energy deposition increased monotonically with O 2 admixture, starting at 14.7 μJ for the base case and increasing to 127 μJ for 0.7% O 2 . As the mole fraction of O 2 increased, the electron density increased from 3 × 10 12 to 9 × 10 12 cm −3 , while T e remained similar in the IW front (T e ≈ 5.8 eV) but was elevated for a shorter time (lower T e in the bulk plasma). The rate of energy loss by electrons after the initial IW propagation was more rapid for larger O 2 mole fractions due to the higher rate of energy loss collisions with the molecular additive.
The energy deposition and volume integrated number densities (or inventories) of RONS as a function of O 2 admixture at 1 μs after the voltage pulse are shown in Fig. 9 . The energy deposition initially increases with the O 2 admixture as Penning ionization increases and the ionization rate, electron density, and conductivity increase. At larger admixtures, electron attachment to O 2 begins to reduce this conductivity and limit further increases in energy deposition. The other species with significant densities at this time, OH, NO, HO 2 + charge exchanged with O 2 instead of undergoing dissociative recombination. The production of OH outside of the tube increased as the IW propagated more rapidly with a larger O 2 admixture. These effects roughly balanced at 1 μs, and the result was a weak dependence of OH on O 2 admixture, with an inventory around 6 × 10 9 molecules. In the base case, NO was primarily formed outside of the tube by N* + O 2 → NO + O*, as the N* produced in the tube flowed out into the ambient. As the O 2 admixture increased, this reaction could also occur inside the tube, producing NO more rapidly. However, as the admixture increased further (>0.1%), N 2 + rapidly charge exchanged with O 2 , instead of undergoing dissociative recombination. As a result, the maximum inventory of NO was 2 × 10 9 molecules at 0.1% O 2 . HO 2 is produced by H + O 2 + M → HO 2 + M. Initially, the increasing O 2 increased the rate of this reaction and so increased the amount of HO 2 produced at short times. However, further increasing O 2 decreased the production of H, eventually limiting the early production of HO 2 . Initially, the N 2 * density increased with O 2 admixture as the electron density and IW propagation outside of the tube increased. As the O 2 admixture further increased, the inventory of N 2 * decreased because it is rapidly quenched by reactions with O 2 .
The inventories of species 1 μs after the voltage pulse divided by energy deposition, the specific inventories, are shown in Fig. 10 O, O 2 *, O 2 **, O 3 , N 2 *, N 2 (v), and NO have specific inventories with a more complex dependence on O 2 admixture. The maximum fraction of energy deposited outside of the tube, 10.2%, occurs for 0.02% O 2 , while the total energy deposited outside the tube increases from 0.8 to 6.5 μJ with admixture. Several species have specific inventories with a local maximum at 0.02%, including N 2 (v), NO, O, and O 3 . N 2 (v) is dominantly produced outside the tube, and so its specific inventory correlates with the fraction of energy deposition outside of the tube. As a result of this energy deposition outside of the tube, N* is formed close to the interface between the He and air, enabling production of NO by N* + O 2 → NO + O* to occur on these short time scales. The O inventory increases monotonically with O 2 admixture, but as the admixture is increased beyond 0.02%, much of the additional energy does not contribute to dissociation of O 2 . The rapid attachment of electrons limits the production of O by e + O 2 + → O + O, and instead O 2 + is consumed by ion-ion
As the O 2 admixture increases above 0.2%, the O specific inventory increases, as the admixture results in more electron impact dissociation of O 2 * (i.e., two-step dissociation). O 3 has a similar behavior as its precursor, O, but with a less significant peak at 0.02% O 2 . The conversion from O to O 3 occurs more slowly at lower admixtures (such as 0.02%), and so the specific inventory is low in spite of a larger inventory of O.
O 2 * and O 2 ** have specific inventories which monotonically increase with O 2 admixture, except for a slight decrease between 0.05% and 0.1% (less efficient). This minimum occurs as the production of these species transitions from being dominantly outside of the tube in the base case to dominantly inside the tube at higher admixtures. N 2 * is primarily produced outside of the tube and has a specific inventory that peaks at 8 × 10
−5 molecules/eV with 0.01% O 2 . As the O 2 fraction increases, the energy deposited outside of the tube increases, but the quenching rate of N 2 * also increases, and the combination of these effects leads to the local maximum in N 2 *. The integrated fluences of species that exit the computational domain as a function of O 2 admixture are shown in Fig. 11 . Only a few of these fluences increase monotonically with O 2 admixture, including O 2 *, O 2 **, and N 2 (v). The fluences of O 2 * and O 2 ** increase because both n e and the O 2 density increased, and these species are a direct result of electron impact reactions. N 2 (v) is primarily produced outside of the tube, and its fluence increased as the propagation of the IW outside of the tube increased.
Most RONS fluences monotonically decreased with O 2 admixture, including OH, HO 2 and reactions deplete the initial inventories. N 2 (v) still has a local maximum at 0.02% O 2 , while O 2 * and O 2 ** still generally increase with admixture, except for a slight decrease between 0.05% and 0.1% O 2 . The trends of the specific total fluence of O 3 , H 2 O 2 , H 2 , and HO 2 follow the same trends as the specific inventory of their precursors-O for O 3 , OH for H 2 O 2 , and H for HO 2 and H 2 . O 3 has a local maximum at 0.02% O 2 , which is consistent with the trends for O atoms at 1 μs. The specific total fluence for H 2 O 2 decreases by approximately 2 orders of magnitude as the first 0.1% O 2 is added, while the specific inventory of OH decreases by approximately an order of magnitude in this range. The H specific inventory decreased by more than 2 orders of magnitude as the admixture increased to 0.7%, as did the specific total fluences of HO 2 and H 2 . NO 2 and HNO x , have specific fluences which monotonically decrease with O 2 admixture because they are formed from NO, and therefore, their efficiency of generation generally follow the trends for NO. The significant decrease in the specific inventory of NO is a result of rapid charge exchange from N 2 + with O 2 , limiting dissociative recombination which forms N* and leads to NO production. The specific total fluence of NO decreases from 3 × 10 −4 to 2 × 10 −6 molecules/eV as the O 2 admixture is increased to 0.7%. The specific fluence of O has a minimum at 0.2% O 2 , for the reasons described above (rate of conversion to O 3 versus production of O by reaction of O 3 with O 2 * or O 2 **).
D. Comparing admixtures
The consequences of H 2 O and O 2 admixtures on RONS production are compared in Fig. 13 . The total energy deposition, shown in Fig. 13(a) , increases more rapidly when adding O 2 before leveling off around 0.5% O 2 . Electron attachment to O 2 begins to limit the electron density during the voltage pulse and therefore the energy deposition at higher admixtures. The more rapid initial rise in energy deposition with O 2 admixture is due to the lower power deposition in nonionizing collisions in O 2 enabling a higher electron density compared to H 2 O. The energy deposition increases nearly linearly with H 2 O admixture as attachment has a relatively minor effect on the electron density on time scales of the voltage pulse. Adhikari et al.
23 observed a sharper current rise when O 2 or H 2 O was added to a He APPJ with a 1 ms voltage pulse. This observation is consistent with the increased energy deposition for the shorter voltage pulse predicted in this study.
The reactive species produced with each admixture can be grouped into RNS (N, NO, NO 2 The selectivity of producing RONS with H 2 O compared to O 2 admixtures is also shown in Fig. 13(b 
E. Impurities
The base case used a gas mixture based on expected impurities in ultrahigh purity helium as provided by gas suppliers. In this section, the IW and RONS generated by the base case (with impurities in the He of O 2 /N 2 /H 2 O = 2.4/2.9/ 4.7 ppm) are compared to a case that uses absolutely pure helium flowing into the tube. This comparison contrasts the ideal plasma jet with a more common plasma jet where the He is not additionally purified from its as delivered composition to reduce the role of these impurities. Impurities from the ambient can also certainly contaminate even absolutely pure He, but since those sources are usually system specific due to leak rates and bake-out procedures, they will not be discussed here. S e , n e , and T e during the 200 ns plasma-on period were nearly indistinguishable for the pure-He case due to the impurities being at such a low concentration. The total energy deposition in the base case with as delivered impurities was 14.7 μJ and 14.2 μJ without impurities. During the afterglow, the electron density had a slightly faster decay rate in the base case because of the possibility of attachment reactions inside the tube.
The cascade of charge exchange and dissociative recombination that occurred inside the tube in the base case, producing much of the RONS, does not occur in the absence of impurities. Without impurities, the dominant positive ion was He 2 + and the dominant negative species was electrons well into the afterglow. In contrast, by 5 μs into the afterglow in the base case, the dominant positive ion was O 2 + . The fluences of RONS which were collected at the pump were significantly influenced by the impurities. The differences in the fluences of RONS generated by the base case compared to the ideal case can be attributed to the impurities. These differences are shown as a percent of the total generation of the base case in Fig. 14 . These values were calculated by running one simulation with impurities (the base case) and one with absolutely pure helium and calculating the percent difference in the total integrated fluences collected at the pump. For nearly all species, the impurities were responsible for more than 70% of the generation of the RONS. The exceptions are O 2 *, O 2 **, and N 2 (v). O 2 ** actually showed an increase in its fluence in the case of absolutely pure He. In the base case, these species were mainly produced outside of the tube during the plasma-on period, so they were relatively insensitive to impurities.
These results are highly sensitive to the time and length of propagation of the IW in the ambient compared to the time of propagation in the tube. For example, moving the powered electrode closer to the end of the tube (from 8 mm to 3 mm) results in the IW propagating further into the ambient. The IW extends 4 mm from the end of the tube when the powered electrode is moved closer to the end of the tube, compared to 3 mm in the base case. The energy deposited outside of the tube increases from 0.8 to 5.1 μJ. 22 This change in the IW propagation leads to greater RONS production and more of the reactivity being generated outside of the tube. The sensitivity of RONS production to the impurities in the He flow is up to 26% lower than for the base case, as shown in Fig. 14 . This is in part because more RONS are produced in the 3 mm case than the base case, and so the contributions of the impurities are smaller fractions of the total RONS.
Including an intentional molecular admixture also reduces the consequences of the impurities on RONS production, as shown in Fig. 15 . The production due to impurities was calculated by repeating the simulations without the 10 ppm impurities in the He flow in the case of 0.5% H 2 O and 0.5% O 2 . The concentration of admixture, however, was kept constant even when removing impurities. For example, when the 0.5% H 2 O case was repeated without impurities, only the N 2 and O 2 flowing into the tube were removed, and the H 2 O mole fraction was unchanged. The total fluence at the pump was then subtracted from the case containing impurities to yield the production due to impurities, which is shaded in Fig. 15 . Both admixtures significantly reduce the fraction of RONS production that is a result of impurities.
With an H 2 O admixture, the production of species which originate from H 2 O dissociation (OH, HO 2 , H 2 , and H 2 O 2 ) are independent of having impurities because the H 2 O density is essentially the same with and without impurities. O 3 production is also nearly independent of impurities with an H 2 O admixture (impurities contribute <0.1%) because the production of O, its precursor, occurs inside the tube primarily by e + H 2 O + → O + H + H. The production of excited states [O 2 *, O 2 **, N 2 (v)] tends to be much less dependent on impurities because they are primarily generated outside of the tube. 10%-45% of the production of nitrogen containing species is still a result of the N 2 impurities in the He even with H 2 O admixtures. Though the fraction of production due to impurities remains above 10% for RNS, the total of amount of RNS produced is also reduced by the addition of an admixture. Therefore, the production of, for example, NO by impurities decreases from 2 × 10 10 molecules for the base case to 3 × 10 8 molecules when an H 2 O admixture is present. The decrease in the contribution of impurities to RNS production with admixtures results from charge exchange depleting the N 2 + before dissociative recombination can produce the N and N* precursors. The energy deposition outside of the tube is also larger, so more RNS are produced outside the tube, where the ambient gas composition is independent of impurities.
For an O 2 admixture, O 3 and O production are not dependent on impurities, because they are a result of dissociation of O 2 in the tube, which does not change based on the H 2 O or N 2 impurities. The species which require the dissociation of H 2 O (OH, HO 2 , H 2 , and H 2 O 2 ) attribute 20%-80% of their production to impurities, with a significant portion of the H 2 O dissociation occurring inside the tube. The RNS generation is less dependent on the impurities with an O 2 admixture (3%-32%) than a H 2 O admixture. In addition to the charge exchange that depletes N 2 + densities, rapid electron attachment occurs in the presence of O 2 . N 2 + is more likely to undergo ion-ion recombination (O 2 − + N 2 + → O 2 + N 2 ) rather than the dissociative recombination which facilitates NO formation (e + N 2 + → e + N + N*). As a result, an O 2 admixture makes the RNS production even less sensitive to impurities than an H 2 O admixture.
These results indicate that an admixture can be used to improve the control and consistency of the chemistry generated by an APPJ, rather than having reactive species production depend on the impurities in the gas supply which may not be well controlled or well known.
IV. CONCLUDING REMARKS
This computational investigation has shown that the addition of a molecular admixture to a He atmospheric pressure plasma jet can have a significant impact on the ionization wave propagation speed, electron density, electron temperature, initial RONS production, and the final chemistry which is delivered in the effluent. In the base case, which contained as delivered impurities in the helium, most of the dissociation occurred in the cascade of charge exchange and dissociative recombination in the afterglow, rather than during the discharge pulse. At constant voltage, adding an H 2 O or O 2 admixture as high as 0.7% increased the energy deposition and the IW speed. The majority of the effects on the chemistry were achieved within the first 0.1% of admixture, above which changes in composition began to saturate.
For H 2 O admixtures, rapid charge exchange depleted the density of N 2 + resulting from the base as delivered impurities, decreasing the production of N*, and therefore the production of NO and all other RNS. H 2 O 2 , OH, H 2 , and HO 2 fluences increased as these species are all a result of chemistry originating from H 2 O dissociation. The production of O 3 and O generally increased but had a more complex dependence as the mechanism of production shifted from dissociative recombination of O 2 + to that of H 2 
